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!qOTICE 

This report was prepared as an acccunt ol Government sponsored 
work. Neither the United States, f o r  the National Aeronautics 
and Space Administration (NASA). nor any person acting on 
behalf of  NASA 

A.) Makes any warranty or representation, expressed or 
implied, with respect to 11.rc accumcy, completeness, 
or usefulness of  the inlormation contained in th is  
report, or that the use of any information, apparatus, 
method, or process disclcsed in  t h i s  report may not 
infringe privately owned ricihts; or 

B.) Assumes any l iabi l i t ies with respect to the use of, 
or for damages resulting from the use of  any infor- 
mation, apparotus, method or process disclosed in 
this report. 

As used above, “person acting on behalf of NASA” includes 
any employee or contractor of NASA, or employee of such con- 
tractor, to the extent that such employee or contractor of  NASA, 
or employee o f  such contractor pcepares, di sseminates, or 
provides access to, any information pursuant to h i s  employment 
or contract with NASA, or his employment with such contractor. 

Requests for copies of  this report 
should be referred to: 

National Aeronautics and Space Administration 
Office of Scientific and Technical Information 

Washington 25, D.C. 
Attention: AFSS-A 
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DE VE LOPMENT O F  A VAPOR- I'IZESSURE-O PERATI; D 
HIGH-TEMPERA'T'JIIE SENSOR DEVICE 

J. R. Van Orsde l ,  G. 1;. Raines,  
and J. M. Allen 

SUMMARY 

+3! I 7  

Init ial  s tudies  of compatibil i ty between candidate probe m a t e r i a l s  and liquid- 
Tungsten-3% rhe r  ium-lead, tu igsten- m e t a l  charging f luids  have been completed. 

bismuth,  and tungsten-2570 rhenium-lead appear  m o s t  a t t ract i - le  in dec reas  .ng order .  

The  probe  s i z e  of 1/8- inch ID x 1/4-inch OD x 1-1/2 inches long h a s  >een found 
sa t i s f ac to ry  on geometr ica l  considerations and  by thermal  analysis .  

A pre l imina ry  design study of the signal genc:rating systc:m d i r ec t s  fu u re  develop- 
m e n t  to the null-point pneumatically balanced diapltragm. 

The  effects of internal  hea t  generation and rzdiat ive hea t  l o s s  on r e s p m s e  have 

This cha rac t e r i s t i c  would be encountered in any 
been fu r the r  elucidated. 
higher  a t  the highest  t empera tures .  
s i m i l a r  type of probe senso r  such  as a thermocouple.  

The t ime  constant has  been found to become increasingly 

Work in the th i rd  qua r t e r  wil l  consis t  of extensive s tudies  of hydrogen diffusion 
through the probe walls at high tempera ture  and extended-time compatibil i ty t e s t s  be- 
tween the container and charging alloy. 
wil l  be built  and charac te r ized  a t  the bench. 

A signal  detector  f o r  a t tachment  to the, 

c -  

INTRODUC T E N  - 
Th c development of a va po r - p 1' e 3 s u r  e - ope r at :: d tern pc r a t  u r  e s c 11 s o r  ( d ep i c t c c! 

schcmat ica l ly  in the f i r s t  q u a r t e r l y  repor t )  f o r  usc  at t empera tu res  up to 5 0 0 0  R 1 '  

hindered  considerably by the sca rc i ty  of ma tc r l a l s  a i th  sufficient s t rength and by the 1;jck 
4 of Compatibility of these m a t e r i a l s  toward a suitable l iquid-metal  p ressure-genera t ing  

. medium. Candidate s t ruc tu ra l  ma te r i a l s  f o r  the probe w e r e  se lec ted  on the bas i s  of 
existing, though limited,  e levated-temperature  d a h .  The liquid me ta l s  chosen for  
study w e r e  se lec ted  chiefly on the basis  c f  the i r  vapor p r e s s u r e s  over  the t empera tu re  
r ange  of 3000 to 5000 R. Therefore ,  the most press ing  need in  the init ial  dcvelopment 
of the s e n s o r  i s  the discovery of a compatible m e t a l  - l iquid-metal  system. 
i s  known in this  a r e a  a t  the high t empera tu res  of in te res t ;  therefore  compatibil i ty t e s t s  
have  been in p r o g r e s s  to discover  the most  promisTng me ta l s  sys tem.  

Very l i t t le 

In addition to compatibil i ty testing, s tudies  in engineering design a r e  in p r o g r e s s  
as a n  aid to constructing the p r e s s u r e  readout sys t em for  a t tachment  to the sensor  
probe. 

B A T T E L L E  M E W O R l A L  l N S T 1 T U f E  
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Heat - t ransfer  analyses  are being continued to es tabl ish the probable rcs l )onsc t ime 
and sensi t ivi ty  of the device in i t s  intended eiivironment. 

PROBE W.TERIALS 

A s e a r c h  of' the Literature duri i ig  the p~ s t  quar t e r  uggestecl the follow-ifig list of . 

m e t a l s  a s  probe m a t e r i a l  candidates: 

Molylidcnum - 3070 tung iten 
'r ung s ten 
Tungsten - 370 Rhenium 
Tungsten - 25% Riieniunt 
R h e n ium 
Tantalum - 5% tungsten - 2. 570 molybdenum 
Tantalum - 8% tungsten - 270 hafnium 
Tantalum - 10% tungsteii - 2. 570 hafnium 
Tantalum - 10% tungstell - 2. 5% molybdenum 

These  nine me ta l s  and alloys were  believed to  have the m o s t  to offer  its probe  mater ia l s .  
Of these,  the tantalum alloys a r e  of question;ible value because  of tan ta lum's  abil i ty to 
d isso lve  hydrogen a t  intermediate  t e m p e r a t w e s .  Also, e leva ted- tempera ture  data  in 
DMIC Report  189(1) suggest that t h e y  probab,y a r e  not s t rong enough to r e s i s t  c r e e p  and 
rup tu re  at 5000 R. 
favor  of tungsten and rhenium meta ls  and t h e i r  alloys. 

Therefore ,  they a re  being dropped fyom f u r t h e r  considerat ion in 

C 0 MPAT I332 L IT Y S T UDIE: S 

Compatibil i ty testing in the range 4500 to 5000 R was  continued this 
ductiofi heating and a hydrogen a tmosphere  ai atmospheric p r e s s u r e  w e r e  
equipment,  testing procedure,  and spec imen con'iguration w e r e  repor ted  
Quar t e r ly  Rep0 r t .  

q u a r t e r ;  in- 
used. The 
in the F i r s t  

I t  was  necessa ry  to make  two ref inements  in the sccond q u a r t e r .  The induction 
heating coi l  now cons is t s  of 11 flattened turn:; of 1/4-incli-diameter copper tubing and 
is 2 -3 /8  inches long. 
b e r  of tu rns ,  over  the or iginal  5 turns ,  madc heating to 4000 R possible with about 
3600 volts a t  500 kc. 
to arc t o  the  specimen. 

The inside diametcr  of the coi l  i s  3 / 3  inch. The increased  num- 

F o r m e r l y ,  voltages often r a n  as high as 9000 v and w e r e  prone 

The specimen s tyle  has been changed slightly in the in t e re s t  of m a t e r i a l  economy. 
F i g u r e  1 is a po r t r aya l  of these  new spec imens  and the method of holding during heating. 
T h e  spec imen i s  1 - 1 / 2  inches long with a l / € , - inch  hole dr i l led  1-1/8 inches deep f r o m  
one end. 
e lec t ron-beam welding. 
in the f i r s t  quar te r .  

(1) 

After the charging meta l  is placed in the hollow specimen,  the end is closed by 
The latter i s  the s a m e  procedure  used  on the longer spec imens  

Schmidt, F. F . ,  and Ogden, H. R. , "The  Engineering Properties of Tantalum and Tantalum Alloys", DMIC Repor: 189, 
B a n e l k  Memorial Institute (September 13, 1963). 

B A T T E L i E M E M 0 R i A L I N S T I T U 'T E 
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Lavite socket attached 
to furnace bottom 

A 48696 

FIGURE 1. REVISED SPECIMEN AKD METHOD OF HOLDING 
FOR HIGH-TEMPERATIJRE TESTING 

' :  
g 

Table 1 l i s t s  the r e su l t s  f r o m  compatibility tests on probe m a t e r i a l s  to date. The 
table includes those t e s t s  run  during the f i r s t  q u a r t e r  that displayed some possibi l i t ies .  

Photomicrographs of sectioned Specimens 14 through 28 a re  in the Appendix, 
F i g u r e s  A-1 through A-14. 

Inter o r  e ta t  ion of Metallo e r aohic Observations 

The photomicrographs showing the effects of high t empera tu re  on t5e candidate 
probe m a t e r i a l s  in contact with bismuth, lead,  and antimony r evea l  that susceptibi1it.y 
to  a t tack  b y  the liquid me ta l s  is mos t  prevalent in the g ra in  boundaries. 
i s  believed to s t e m  f r o m  the probabie existence of impur i t ies  such as  oxygen at  :h,cse 
locations. Therefore ,  the pure  m e t a l s  tungsten and rhenium a r e  of doubtfu'l reliallility 
for  use a s  prot,e m a t e r i a l s  hecause they tend to r e j ec t  oxides to the i r  g ra in  boundaries.  

This condition 

The W - 3 R e  alloy failvd by grain-botindary attack, much m o r e  quickly than piirc 
tungsten, when exposed to  bismuth and antimony. 
fa i lure  sugges ts  a s t r e s s - c o r r o s i o n  phenomenon which often occur s  in alloys by solution 
of a minor  phase p re sen t  in the  g ra in  boundary. Thus,  a l i t t le  bit of alloying of tungsten 
with rhenium was de t r imenta l  except in the c a s e  of lead. In this  ca se ,  lead did not find 
a soluble m a t e r i a l  at the g ra in  boundaries, and the W-3Re alloy was able to  complete 
1 hour  at  5000 R without fa i lure .  

The in te rgranular  na ture  of thc 

. 

T e s t s  on unalloyed rhenium were  conducted in contact with bismuth and lead <l i t  

5000 R. In both c a s e s ,  considerable grain-boundary penetration developed, -3lti-uugh 
no swelling o r  bursting of the specimens occur red ,  
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TABLE 1. SUMMARY OF COMPATIBILITY TESTS 

4 
7 
8 
9 

10 
11 
12 
13 

14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

25 
26 

27 
28 

Mo-30W; P b  
Mo-30W; Pb  
W; Bi 
W; Bi 
W; P b  
W; P b  
W ;  Sb 
W; Sb 

Mo-~OW; Sb 
W-3Re; Bi 
Repeat  
W-3Re; Sb 
W-3Re; Sb 

W-3Re; P b  
W-25Re; P b  
W-25Re; P b  
W-25Re; Sb 
W-25Re; Sb 

W-3Re; Pb 

W-25Re; Bi 
W-25Re; Bi 

Re;  P b  
Re;  Bi 

Tes ts  During E'ir s t  Quar t e r  

4000 60 N o  react ion,  no leaking 
4500 60 Some react ion,  no leaking 
4500 60 N o  react ion,  no leaking 
5000 10 N o  react ion,  leak a t  weld 
4500 60 Moderate  react ion,  no leaking 
4700 25 Seve re  react ion,  leaking 
4500 60 Minor react ion,  no leaking 
5000 15 Minor react ion,  leaking 

Tes ts  During This  Quar te r  

4500 5 Specimen ruptured  
4500 3 Specimen ruptured  
No. 15 Same re su l t s  
4500 60 N o  leaking 
5000 5 Specimen ruptured  
4500 60 N o  leaking 
5000 40 Ditto 
4500 60 
5000 60 
4500 60 
5000 60 Sample bulged 0. 006 inch on 

4500 60 N o  leaking 
5000 50 Sample buldged about 50 p e r  

5000 60 N o  leaking 
5000 60 N o  leaking 

II 

I I  

I1  

diam,  o r  2.4 p e r  cent 

cent in d iam,  then ruptured  

B A T T E L L E  M E M O R I A L  I N S T I J U T E  



5 

The W-25Re alloy exhibited the grea tes t  r e s i s t ance  to attac!< by thc liquid me ta l s  
but, unfortunately, displayed a lack o f  sufficient c r e e p  res i s tance .  Speciniens 2 4  arid 26 
both increased  in d iameter  during testing at 5000 R (Table  1). 
Specimens 21  and 2 2  containing lead. did n o t  indicate creep.  

The final d i ame te r s  of 

Of the spcc imcns  evaluated in the 1-hour tes '  a t  4500 and 5000 R, t h r e e  stFnc! c>l:t 
as worthy of fu r the r  evaluation for  this  program: 

Una llo ye d t u11g s ten - b i smut  h 
Tungsten - 370 rhenil.ni - lead 
iu.ngsten - 25% rhen  um - lead m 

These  m a t e r i a l  combinations wi!! be evaluated fu r the r  during the next quar te r .  

GAS-PRESSURE-IMPOSED STRESSES 

The s ta t ic  s t r e s s e s  imposed on the spec imens  during compatibil i ty testing a r e  a 
r e su l t  of the internal  l iquid-metal  vapor p re s  s u r e  and the ex terna l  furnace-atmosphere 
p r e s s u r e  (1 atm).  
p r e s s u r e  of 600 psia.  
in  the probe owing to these  two conditions. 
veloci t ies  and mechanica l  vibrat ions will be t r ea t ed  la te r  in thc program.  

However,  the expected application of the senso r  specif ies  an ex terna l  
The re fo re ,  it i s  interesting to calculate  s ta t ic  s t r e s s e s  a r i s ing  

Additicnal s t r e s s e s  a r i s ing  f rom high gas  

The s ta t ic  s t r e s s e s  a r e  calculated by t rea t ing  the specimen as  a thick-walled 
cyl inder  and applying Lam;?'s solution(1): 

where  
Max St = i-naximum circumferent ia l  s t r e s s  

P 1  = internal  p r e s s u r e  

P2 = externa l  p r e s s u r e  

r1  = rad ius  of specimen bore,  I /  16 iiich 

r 2  = maximum specimcan rad ius ,  1 / 8  inch. 

Max St will be posit ive (tension) or  negative (compress ion) ,  depending upon the 
re la t ive  values  of P 1  and P2. The other  s t r e s s e s  a r i s ing  f r o m  the gas  p r e s s u r e s  a r c  
S,, which is a r ad ia l  s t r e s s ,  and S,, which is a s h e a r  s t r e s s .  
found by calculation to be of secondary importance relat ive to m a x  St; thcrefore ,  they 
wil l  be ignored for  the present .  

Sr and Ss were  both 

Calculated values of Max S, experienced by the spec imens  (1/4- inch C)D x 1/8-inch 
ID) during compatibil i ty testing and those that could be expected to a r i s e  f r o m  an estc-rna! 
p r e s s u r e  of 600 psia  a r e  given in Table 2. 

(1) Resistance of Mater ia ls ,  Seely, Third Edi t ion ,  p 388. 

B A T T E L L E  M E M O R I A L  I N S T I T U T E  
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TABLE 2. STATIC STXESSZS (MAX S I )  O'jlrIXS; TO INTERNAL AND EXT2RNA.L 
GAS PRESSURES 

-- - 
Exposure  Vapor 

Charging Temp,  P r e s s u r e  (P;)? Max St(aj,  ps i  
Metal  R ps i a  2 2  = 14. 7 p s i a  P2 = 609 p s i a  

Bi 4000 57 122 - :430 
4500 277 422 - 1030 
5000 531 848 - 704 

Sh 4000 51 46 - 150G 
4500 142 198 - 1 3 5 5  

I.', 422 - 1330 

P b  4000 40 27 - 1520 
4500 117 240 -1 395 
5000 240 361 -1190 

7 7 7  5 0 0 0  

- 
( a )  Positive values of stress are tension, negative values arc conipression. 

Examination of Table  2 reveals  that  the s ta t ic  s t r e s s e s  in the probe  will be l a r g e s t  
and compress ive  when the.external  a tmosphere  is 600 psia. 
favorable  c i rcumstance  providing the compress ive  s t r e s s  is not sufficient to col lapse 
the probe. 

This  is thought to be a 

A review of e levated-temperature  data  r epor t ed  in the l i t e r a tu re  on the mechanica l  
p rope r t i e s  of the r e f r a c t o r y  metals  i s  helpful in a r r iv ing  a t  the bes t  select ion of a probe 
mater ia l .  Some recent  data on r e f r ac to ry  me ta l s  a r e  shown in Table 3 fo r  comparat ive 
purpose  8 .  

TABLE 3. HIGH-TEMPERATURE PR0PE:RTIES O F  SOME REFRACTORY METALS 

Temp,  S t r e s s ,  Time to Ejfect  T ime  to Elongation in 
Mater ia  1 R ps i  2% Stra in ,  h r  Rupture ,  hr l - h c h  Gage Length,% - 
w(a)  5172 3 000 25. 1 5 

W-25Reb)  5172 ! 0 0 0  3 1 0  

Ta-  1 OW(b) 5 172 1900 0.1 1-1/2 120 

Re(b)  5172 t 000 - 3  -2 0 -14 

W-3Re 5172 r o o 0  -- -- -- 

(a)  High Temperature Materials Program, Progress Report No. 35 Part A ,  USAEC Contract AT(40-1)-2847, Page 16, Table 2.2. 
(b)  "Stress-Rupture and Creep Properties of Refract 7ry Metals to 2800 C", General Electric Company IJSAEC Contract 

AT( 11 - 1)- 17 I. 

Judging f r o m  the values  given in Table 3, s t r e s s e s  in the pro'se should be kept be- 

However, a few sample  

low 1000 p s i  fo r  extended use  at  5000 R. 
s t r e s s  level  could be achieved by thickening of the  probe walls.  
calculat ions of s t r e s s  f o r  different w a l l  t h i c h e s s e s  and bore  d i ame te r s  qu!.ckly r evea l s  
that  a geometry  in which the wall  thickness equals the rad ius  of the bo re  i s  jus t  about 

I t  i s  na tu ra l  to a s s u m e  that  a more favorable  

Q A T T E L L E  M E M O R I A L  I F 4 S T I T U T E  
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the optimum condition that can be obtained. 
clarification, using 117 ps ia  for  Pi, the internal  p re s su re .  

The following examples  a r e  presented  for  
2. 
i 

Bore  Diameter ,  
inches 

118 
118 
1 / 1 6  
I /  16 
118 
118 

P r o b e  Diameter,  
inches 

114 
1 / 4  
l j 4  
l / 4  
3 /  8 
3 1  8 

Exte rna l  P r e s s u r e ,  
Pz, p s i a  

14.  7 
0 0 0  
14. 7 
600 
14. 7 
6 0 0  

Max St, 
ps i  

2.1 0 
- 13i)k 

101 
- 11.15 

1 1  3 
- ! 2 0 0 

It  i s  readi ly  seen  f r o m  the above examples that reducing the bore d iameter  o r  increasing 
the ex te rna l  d iameter  of the probe has  only a negligible effect on lowering the compres -  
s ive s t r e s s e s  resul t ing f r o m  the high external  p r e s s u r e  of 600 psia. 
of in te rna l  and ex terna l  p r e s s u r e s  can eliminate s t r e s s e s  of this type in the probe. F o r  

patibil i ty with the container i s  satisfactory.  

Only equalization 

' 0 this purpose,  bismuth (Table  2 )  would be the bes t  choice of a charging fluid, if com- 

C r e e p  i s  not expected to differ greatly in compress ion  f r o m  that in tension because 
of rap id  annealing a t  the high tempera tures  involved. 

SIGNAL- GENERATING SYSTEM 

The t empera tu re  senso r  under development in this  p r o g r a m  cons is t s  of a hollow 
probe  charged  with a liquid m e t a l  of favorable vapor p r e s s u r e  over  the t empera tu re  
r ange  of in te res t  and a nonelectr ical  signal-detection device attached to  the cool, nr end 
of the probe. This  device could be a bellows, Bourdon tube,  o r  e las t ic  diaphragm. 
After  ca re fu l  considerat ion of each of the th ree  possibi l i t ies ,  it  was decided to concen- 
t r a t e  on the e las t ic  diaphragm in the belief that  i t  could be m o r e  readi ly  designed to 
function rel iably in the high noise  and vibration environment  than could the o ther  two. 

This  sect ion p resen t s  the approach used for  the diaphragm design,  followed by 
s o m e  recommended designs.  The recornmended designs a r e  cons idered  pre l iminary ,  
subjcc t to verification of ce r t a in  ma tc r l a l  p roper t ies  and acceptance of the diaphr;\g:rn 
def l rc t ion sensit ivity.  the 
null-type diaphragm, which maintains  a p r e s s u r e  balance o n  each s ide of the diaphragm 
t,y means  of controlled gas  flow, and thc niechanical-type diaphragm, which I S  subjected 
to  p r e s s u r e  on one face only. 

Two different types  of d iaphragms are r e l e r r e d  to herein:  

0 

i' 
.$ Design Considerat ions 

The design p r e s s u r e  for  the diaphragm is taken as 20 a tmospheres  o r  294 psi .  
In the c a s e  of the null-type diaphragm, it  i s  a s sumed  that  a su rge  of this magnitude can 
occur .  The design t empera tu re  i s  assumed to be 100  F above the melting point of lcad, 
o r  720 F. 

B A T T E L L E  M E M O P I A L  ' N S T i T U T E  



Allowable s t r e s s e s  csed for the diaphragm a re  the lower of two values, one-fourth 
the ul t imate  tensi le  s t rength  o r  one-haY the yield s t rength.  The vibration requi--enients 
a r e  4 g ' s  f r o m  10 to 500 cycles  per  second. 
with the lowest na tu ra l  f requency we l l  above 500 cycles  per  second to avoid a resonance 
condition. 
diaphragm vibrat ion is neglected. 

Accordingly, the diaphragm is designed 

The effect of the liquid nietai  (mas;s ar?d damping cha rac t e r i s t i c s )  on the 

Ten different m a t e r i a l s  were  se lec ted  for  the  feasibi l i ty  study, ihe selection being 
made  p r i m a r i l y  on the bas i s  of ma te r i a l s  which a r e  compatible with liquid lead  according 

the i r  compatibil i ty with l iqcid lead in Refesertce ( l ) ,  but In these  case:,  it  was a s sumed  
that the m a t e r i a l  was ei ther  compati!j!e with liquid lead,  o r  could be suita?,ly protected.  

Zeference (1.). irl s"*Ilt: cas.es, - - - - L - - ' - ? -  ~. . - -^  .-.-.- I : I ~ L C L  - ~ A S  * c L  c c v a ! ~ a t ~ c !  q ~ h i ~ h  .A'CI e ~ e t  r a t ed  fer 

Table 4 shows the m a t e r i a l  propert ies  , i t  720 F which a r e  per t inent  to the dia- 
phragm design. 
ver i f ied for  the ac tua l  shee t  s tock used f o r  the diaphragm, s ince  significant var ia t ions 
ex is t  in the p rope r t i e s  l i s ted  f r o m  various sou rces ,  especial ly  fo r  the r e f r a c t o r y  alloys 
Only m a t e r i a l s  with an  elongation (at 720 F) of 10 p e r  cent  o r  m o r e  w e r e  se lec ted  f o r  
study, to be consis tent  with the project requi rement  fo r  high reliabil i ty.  The data  in 
Table  4 a r e  f r o m  References  (Z), ( 3 ) ,  (4), ( 5 ) )  and (6).  

The proper t ies  of the m a t e r  tal used for  the f inal  design should be 

Diaphragm S t r e s s e s  and Deflections 

The  diaphragm is a s s u m e d  to be clampad to the diaphragm housing. The  
equat ions(7)  for  the r equ i r ed  thickness,  t ,  and the center  deflection, ti, a r e :  

and P r 4  6 =-- 
64 D ' 

(1) Liquid Metals Handbook, Second Edition( Revised) June, 1952, Atomic Energy Commission - DepLirtlnent of the  Navy. 
( 2 )  Metals tlandbook, Vol 1, "Properties and Selection of Materials", American Society for bletals, Metals Park, Novelty, 

Ohio (1961). , ,  

(3 )  Properties of Some Metals and Alloys, The International Nickel Company, Inc., New York, New York. 
(4) Schmidt, F. F., and Ogden, [ I .  R., "The  Engineering Properties of Tantalum and Tantalum Alloys", DMIC Report 189 

(September, 1963). 
(5) Schmidt, F. F., and Ogden, H. R., "The Engineering Properties of Tungsten and Tungsten Alloy!", DhllC Pzpnrt 151 

I semember .  1963). 
\ '  

(6 )  Beryllium in Aero/Space Structures, The Brush Beryllium Company, Cleveland, Ohio. 
(7) 'rimoslienko, s., and Woinowsky-Krieger, S . ,  Theory of Plares and Shells, McGraw-Hill Book Cornpan;!, Inc. ,  New York 

(1959). 

B A T T E  L L E  M E M O R  I A L  I N S T I T U T E  



9 

TABLE 4. PROPZRT:ZS CF  -%"ITER:ALS AT 720 F 

Ultimate 0.270 
Yield 

103 ps i  103 psi  

Modulus of Melting Tensi le  
Density, Elast ic i ty ,  Point, Strength,  Strength,  Elongation, 

Y O  

0. 29 26 2700 60 25 35 

Mat e r ial l b / c u  in. 106 ps i  "F  

Low - carbon 
s t ee l  

2 C r  - 1 /2Mo 0.29 26 2700 64 27 30 
s t ee l  

4340 s tee l ,  0.29 25 2700 160 120 15 
200,000 H. T. 

347 s t a in l e s s  0.29 25 2700 67 32 35 
s t ee l  

Bery l l ium 0. 07 35 2300 45 40 20 

Molybdenum 0.37 43 47 00 40 2 0  30  

Tantalum 0. 60 26 5400 50 35 25 

6A1-4V 0.16 13 3000 95 75 15 
t i tanium 

Tungsten 0. 70 44 6100 110 85 10 

Zi rconium 0.25 1 0  3400 16 8 50 



1 0 

where 

p = 294 ps i  = uniform p r e s s u r e  

r = radius  of c i rcu lar  plate (diaphragm) 

= maximum o r  a!lowable benc.ing s t r e s s  'max 
?7 + 3  

.,, 
3: -. . . 
.. . 

l i L  
D = f lexura l  r igidity of ?late = 

j 2  i l - u 2 )  

t = thickness  of plate 

E = rrrodulus of elast:city 

u = Poisson ' s  ra t io  (assume u :: 0. 30 for all calculations:). 

The requi red  diaphragm thickness, calculate6 f r o m  Equation (I), is shown in 
Table 5 for  1. 0- and 2. 0-inch-diameter diapbragms. 
tion (1)  i s  a s s u m e d  to equal the smal le r  of one-fourth the ul t imate  tenriile s t rength o r  
one-half the yield strength.  Using the requi red  thickness  f r o m  Equation (13, the maxi- 
mum deflection a t  the center  of the diaphragm, calculated f r o m  Equation ( 2 ) ,  i s  a l so  
shown in Table 5. 

The allowable s x e s s  in Equa- 

Natural Frequencv of DiaDhraem 

Timoshenko( l )  gives the following equation for  the frequency of vibra.tion (wn, 
in cyc les  p e r  second) of a c i r cu la r  plate clamped at its boundary: 

where  

a = constant, based upor, the mock of vibration 

g = accelerat ion due t o  gravity = 386 in. / s e c 2  

y = density of mater ia l .  

F o r  the lowest na tura l  frequency of a clamped plate,  the constant a = l o .  21. The 
The thickness  used in Equation ( 7 )  is that  r e su l t s  of Equation ( 3 )  a r e  shown in Table 5. 

previously determined f r o m  Equation (1). 

Diaphragm Considerations 

The selection of a prel iminary diaphragm design based on the data  in Tables 4 and 
5 m a y  be dependent on the type of diaphragm to be used. 
desc r ibed  for  each type diaphragm. 
ity, cor ruga ted  diaphragms a r e  not considered acceptable.  

Accordingly, the selection is 
In view of the project  requirement  fo; high rel iabi l -  

(1) 'I'imoshenko, S. , Vibration Problems i n  Engineering, D. Van Nostranc! Company, Inc. , New York (1955). 
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Allow- Required Maximum Natura ! F r e que nc y 

S t r e s s ,  1. 00-In. 2. 00-In. 1. 00-In. 2. 00-In. I .  00-In. 2. 00-In. 
Mate rial k s i  Diameter  Diameter Diameter  Diameter  Diameter  Diameter  

able  Thickness ,  in. Deflection, in. cycles  j s e c  - 
i 

! 

Low-carbon 
i s t e e l  

2 C r - l / 2 M o  
s t ee l  

4340 steel, 
1 200,000 H. T. 

347 s t a in l e s s  
steel 

Beryl l ium 

Molybdenum 

Tantalum 

6A1-4V 

12 .5  

13.5 

40. 0 

16.0 

11.5 

10.0 

12 .5  

24. 0 

27.5 

4.0 

0.067 

0.064 

0.037 

0.058 

0.063 

0. 074 

0. 067 

0.048 

0. 045 

0.117 

0.233 

0.128 

0.074 

0.116 

0.138 

9. i48 

0.133 

0.096 

0 .089  

0.234 

.00040 

.00046 

.00248 

.00065 

.00027 

.OO@ 1s 

.00040 

.00219 

.00075 

.0002 0 

.00080 

,00092 

,00496 

.00130 

.COO55 

.00036 

.00081 

.00438 

.00150 

.00039 

24, 600 12,300 

23,400 1 1 , 7 0 0  

13,400 6,700 

20, 800  10,400 

8 0 0  

500 

6 0 0  

16,70Q 8 , 4 0 0  

14,000 7)  000 

28,600 14,3CO 

59,500 29  

31, 0 0 0  15 

17, l0Q 8 

Zirconium 

- 
(a)  The results presented i n  this table are based o n  the assumption that  the diaphragm is rigidly clamped a t  its periphery to the 

diaphragm housing. 
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Null-TvDe DiaDhraem 

In the null-type diaphragm, t'le magnitude of %he diaphragm deflections i s  not a 
The 1171- 

Zither a low ( .arbon s t e e l  o r  Type 347 s ta in less  s t ee l  

design considerat ion and the calibration of the deflections i s  not necessary .  
portant  considerat ions a r e  reliabil i ty (;-om the standpoint of fa i lure)  2nd a hiqh na tura l  
i requency to avoid resonance.  
would be v e r y  des i rab le  because ef the i r  high elongation values. Also,  the f r e q c c n c y  
values  f o r  both these mate:iaIs a r e  m o r e  t n a i  a lequate .  
inch d i ame te r  be used- for  the nu?l-ty?e diaFhragm 5ecause  of the high>:r frequer?cy c ? i  

vibration. 
parable  to those l i s ted  in Table 4 could be us3d for  the diaphragm des  gn. 

_I 

It i s  recomniendcd tha: a i. 0- - 
Actually, any carbcn  steel. o r  s ta in less  s t e e l  with properticzs a t  720 F c3m- 

?"f 2 c h an i c a 1 - T y p e Di 2 ph r a g n; 

The successfu l  functioning of the mechanical-type diaphragm is  par t ly  dependent 
Also, 

Therefore ,  a m a t e r i a l  
upon the deflection sensi t ivi ty  o r  response of the d iaphragm to p r e s s u r e  loading. 
the deflections should be repeatable a t  the design tempera ture .  
which c r e e p s  a t  720 F m a y  not function properly.  

The highest  deflections are provided by a 2. 0-inch-diameter,  6A1-4V t i tanium o r  
4340 s t e e l  diaphragm. 
However,  s ince  the design c r e e p  requi rements  fo r  successfu l  operat ion of the d iaphragm 
a r e  v e r y  s t r ingent ,  the use  of these m a t e r i a l s  is not recommended.  

The c r e e p  r a t e s  for  these  m a t e r i a l s  a t  720 F a r e  ex t r eme ly  low. 

The  t empera tu re  below which a m a t e r i a l  wil l  not c r e e p  can  be considered a function 
of the melt ing point of the mater ia l ,  
a r e  molybdenum, tantalum, and tungsten, and consider ing these  meta ls ,  the max imum 
deflection possible  is with a 2.0-inch-diameter tungsten diaphragm. 
mended design fo r  a mechanical-type diaphragm. 
p e r  second is sufficiently high and the 10 p e r  cent  elongation of tungsten a t  720 F is 
adequate. 
shee t  s tock used for  the diaphragm. 

F r o m  Table  4, the  high-melting-point m a t e r i a l s  

This  i s  the r ccom-  
The na tu ra l  frequeitcy ol" 8400 cyc les  

However, it  would be desirable  to check the elongation of the specific tungsten 

Choice f o r  Fur the r  Analysis  

Reviewing the above considerat ions,  it  has been decided to  l imit  the development 

T h e r m a l  ex- 
on th i s  p r o g r a m  to null-type diaphragms applicable to pneumatic s ens  .ng. 
design of the senso r  now in study can be por t rayed  as shown in F igu re  2. 
pansions mus t  be allowed for  in charging the sensor .  

Thus,  the 

B A T T E L L E  M E M O R I A L  I N S T I T U T E  



Inert gas fhrough constant- 
r- 3 o ss - t Eo YU or  I f i ce 1 

rr: 
r * . I  - 

>, . ., . , . .  
\-Diaphragm welded or clamped 

between housing halves 
A 40697 

FIGURE 2. PNEUMATIC SENSOR 

THERhLAL ANALYSIS 

Response 

To elucidate fur ther  the effects of radiative hea t  loss and internal  heat  generat ion 
on r e sponse ,  the r e su l t s  given in the las t  qua r t c r ly  r e p o r t ( l )  (obtained f rom the 
s implif ied model ,  assuming no radial tempera ture  gradients  in the probe)  have been 
r e l a t ed  to t ime  constant. 
f o r  the t empera tu re  d i f fe rence  between the gas  t empera tu re  and the probe t empera tu re  
to change by a fac tor  of l / e ,  it  c an  easi ly  be shown that the t ime constant fo r  a probe 
which h a s  only convective interchange with the environment is equal  to pC L/h .  '" 
radiat ive hea t  l o s s  i s  introduced, the nonlinearity causes  the effective t ime constant to 
be a function of t empera tu re  and whether o r  not the probe is heating o r  cooling. 
F igu re  3 i s  a plot of the ra t io  of the effective t ime constant to pC T /h v e r s u s  a normnl-  
ized probe  t empcra tu re  fo r  heating and cooliqg with a typical value of the ra t io  of 
convect ive-heat- t ransfer  coefficient to  a potential  radiation loss  p a r a m c t c r ,  n tTf  
The  difference between heating and cooling i s  significant. 
shown in m o r e  detai l  in F igu re  4 with heating cu rves  for  different values  of h/rfcTf3, 
Cooling c u r v e s  a r e  not shown, but F igure  3 i l lus t ra tes  that  cooling response  i s  m o r e  
rap id  than heating. 

If we define the t ime constant  as the length of t i m e  requi red  

If P 

P" 
3 %<>k 

. 
The effect  of radiat ion is 

In t e rna l  generat ion is introduced in F igu re  5. An in te rna l  generat ion pa rame te r ,  
, is var ied  while h/u'cTf3 is held constant  a t  5. In te rna l  generat ion aids  L /  h T~ :kgC << 

____ 
(1) Van Orsde!, J. R., e t  a l . ,  "Development of a Vapor-Pressure-Operated Nigh-Temperzture Sensor Device", t'irst Quartcrly 

ratio of volume of probc to s u r f a m  
Report, BATT-4673-T2, Junc 11, 1964. 

*,' -average density of probe materials, <: = average specific heat of probe niarerials, L P .  area,  11 = convective-heat-transfer coefficient. 
9 1 7  = Stcfan-Roltzniann constant, 

aw'q = internal heat-gciieration rate per unit volume. 
f = erliissivity of probe surface, Tf = terripcrzturc of gas strcani (absolute units). 
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response  on heating, a n i  although cooling cu rves  have not been calculated,  i t  wocld 
hinder  response  on cooling. Values of 0. 04 and 5 a r e  cons idered  typical of the internal  
generat ion and convection/radiation ? a r a m e t e r s ,  respect ively,  for  the planned applica- 
tion. 
t ime constant of 1 / 2  second would respord  init ially (on heat ing)  with an effective t ime 
constant of about 0. 48 second. 
pe ra tu re ,  i. e., about 2000 R if gas  t empera tu re  is about 5000 R,  the effective t ime  
constant is up to 1 / 2  second. 
3500 R,  and would r i s e  v e r y  ra?idly above 3 q O C  3 because  the steady-::tate tpmpera ture  
f o r  this  par t icu lar  c a s e  is l e s s  than the gas  tcm?era ture .  
would tend to be r a t h e r  s luggish  in following niinor changcs a t  high t empera tu rcs .  
IIowever, this  response  charac te r i s i ic  i s  fiot zoniined to the probe und :r s tudv h i t  
would also be t r u e  f o r  a thermocouple of l ike s i ze  and ma te r i a l .  

Examination of this  typical  curve on F i g u r e  5 shows that  a probe with a nominal 

When the tem1)erature  is about 0. 4 tirn2s the gas  tem- 

i t  w o d d  gra?ua!iy iEcrease  to about 0. 7'1 second ai about 

This  i l l u s t r i t e s  thc7t the probk 

These  r e su l t s  f r o m  the simplified m-ode1 of c o u r s e  neglect  the effect of the finite 
t h e r m a l  conductivit ies of the probe mater ia l s .  
dimensional  (radial) finite-difference transier.t-heat-transfer p rogram h a s  been devel- 
oped. This  p r o g r a m  accommodates  the mult i region,  radiative-convective boundary c a s e  
and wil l  be avai lable  fo r  pa rame t r i c  runs in the near  future.  Discussion of th i s  problem 
wil l  be postponed until r e su l t s  pertinent to th i s  application a re  available. 

To cons ider  this  effect ,  a one- 

Conduction Losses  Alone the Length of the P r o b e  

The  impor tance  of ax ia l  conduction as  r e l a t ed  to length of the probe  has  been con- 
s i d e r e d  using Bat te l le ' s  two-dimensional s teady-state  heat- t ransfer  p r o g r a m  which will  
accept  cy l indr ica l  geometry.  
Table  6 i l l u s t r a t e s  the input data  for the four  cases .  
than the gae t empera tu re ,  the convective input is g r e a t e r  than the in te rna l  hea t  genera-  
tion; t he re fo re  t empera tu res  decrease  f r o m  the su r face  inward. 
l iquid-metal  t empera tu re  at a given axial location is usually along the solid.-liquid 
interface.  
T h e s e  cu rves  show that the ax ia l  heat l o s s  m a y  be neglected if the length of the probe 
is about four t i m e s  i t s  diameter .  
t empera tu re  minus  center- l ine tempera ture)  at the end cap-liquid met11 interface for  
the four  c a s e s  a r e  108, 36, 5, and -4 F fo r  i : l ,  2:1, 3:1, and 4:l length-to-diameter 
r a t io s ,  respect ively;  this  d s s  indicates the advaqtage of a long probe. 

The significant r e s u l t s  of th i s  study a r e  shown in F igu re  6. 
F o r  sur face  t em.>e ra tu res  l e s s  

Thus the max imum 

These  a r e  the cu rves  shown in F i g u r e  6 fo r  the four c a s e s  that w e r r  studied. 

The calculated r ad ia l  t empera tu re  differences ( su r face  

The computer  p r o g r a m  Goes not p e r m i t  radiat ive boundaries. Radiative loss was 
approximately accounted f o r  by applying a convective coefficient on thcl c y l m d r i c  a1 s u r -  
f ace  equivalent to radiat ive loss  at  a su r f ace  t empera tu re  of 4000 R, i n  adclition to  the 
n o r m a l  convective hea t  input from the hot gas. 
tha t  the cu rves  of F igu re  6 should be used only by compar ison  of lengths. 
s teady-state  e r r o r  in the tempera ture  should not be obtained f r o m  this graph  ( s e e  l a s t  
q u a r t e r l y  instead). 
the p rope r  effect  of radiat ive loss )n the t empera tu re  profile. 

This  is obviously in significant e r r o r  so 
The probable 

0 

A hypothetical  curve  is sketched on F i g u r e  6 i l lustrat ing quali tatively 
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6 .  -_ - -__ -  ~ ~ p u  1 PARAMETERS FOR AXIAL-HEAi-LCiSS SyyJ 0-y 

Mater ia l s  

Container Tungsten 
Liquid Metal Lead 

Outside Diameter  1 / 4  inch 

W a l l  Thickness  

End-Cap Thickness  

The r mal Conduct ivi  t i e s 

Lead 
Tungsten 

Gamma-Heat-  Generation Rates  

Lead 
Tungs ten 

Cold-End Tempera tu re  

Gas Tempera tu re  

Emiss iv i ty  of Tungsten 

1 /16  inch 

1 /16  inch 

2 0  B tu / (h r )  ( f t )  (F) 
48 Btu/ (hr )  (ft) (F) 

1. 0 x lo7  Btu / (hr ) ( f t3)  
1 . 7  x l o 7  Btu / (hr ) ( f t3)  10 wa t t s /g  

2000 R 

5000 R 

0.3 



a 

During this  study it was a l so  shown that the axial.-loss behavior of the probe i s  
not grea t ly  dependent on t5e wal l  thickness for  a tnngsten-lead combination. 
cons iders  the steady-heat-conduction equation: 

If one 

The subscr ipt ,  i, is ei ther  I o r  2 referr ing to 'iungste2 o r  lead, 
divided through by ki, it i s  apparer,: that the sys t em czn be considered as  one physical  
region with a "pseudo" therrna; coyauctivity oi !> and a "pscudo" heat generation r a t e  
of qi /ki .  
mater ia l .  This  conclusion m a y  also b e  drawit concerning a tungsten-bismuth sys tem,  
s ince the equality of qi/  ki ra t ios  is  more closely approximated. 

If %5?e above equation is 

Znspection of Table  6 reveals  ",ai tile ra t io  q i /k i  is crudely t h e  s a m e  for  :.ither 

F u r t h e r  s tudies  of axial  heat l o s s  a r e  not planned. 

F U T U R E  WORK 

Probe  testing will  be continued a t  high t empera tu re  with the use of hydrogen under 
p r e s s u r e  around the ex ter ior  of the probe. 
whether  hydrogen diffused into the probe in significant quantities. 

A t e s t  will  then be made  to de te rmine  

Extended t ime t e s t s  with tempera ture  cycling will  be conducted for  fu r the r  proof 
t e s t s  of probe life. 

A simple labora tory  t e s t  of a pneumatic sensing element  will  be conducted to  
evaluate the suitabil i ty and t ime response assoc ia ted  with such a diaphragnr. device. 
2-inch diaphragm wil l  be assembled, with provis ions f o r  res t r ic t ing  tPe active d iameter  
to 1 inch, such that  both d i ame te r s  can be evaluated in the s a m e  housiiig. 

A 

Futu re  the rma l  analyses  will consider the effect of the finite thei-mal conductivities 
of probe ma te r i a l s  on the rma l  response utilizing the t rans ien t  prograni  developed this  
quar te r .  

JRV/GER/  Jh4.A:s.o 

*k = thermal  conductivity, T temperature, r I radial direction, z axia l  direction. 
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APPEN3l.X A 

METAL LO GRAPH Y 
_3 

Photomicrographs showing the efiects of big: t e m p e r a t u r e  on the corn ?nt ih i l i ty  o f  
container materials and charging metals are presented  in this appendix. 
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Black is mciuntinF 

Reaction zone Mc 
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250X Light Murakami's Etch 14480 

b Mo-30W alloy 

FIGURE A-1. COMPATIBILITY OF M0-30W AND ANTIMONY AT 
4500 R FOR 5 MINUTES 

materia: 

-3ow s'. 

Black is mounting material 

lOOX Light Murakami's Etch 14481 

FIGURE A-2, COMPATIBILITY OF W - 3 k  ALLOY AND BISMUTH AT 4500 R FOR 
3 MINUTES, SHOWING SEVERE GRAIN-BOUNDARY ATTACK B Y  
BISMUTH, RESULTING I N  RLIPTURE OF SPECIMEN 

Bismuth vaporized and is not present in failure 
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-W -3R; alloy 

White Phase is Sb. Pent .ration of p a i n  - 'h 

250X Light Murakami's Etch 

FIGURE A-3. COMPATIBILITY OF W - 3 k  ALLOY AND AN'TMONY 
AT 4500 R FOR 1 HOUR 

Though no rupture occurred, grain-boundary penetration 
was severe and rupture was immitient. 

boundaries has left dark voids. 

0 -Antimony 

Mounting mater ia l  in  blzck areas 

250x Light Murakami's Et (  ti 14484 

FlGURE A - 4 .  COMPATIBILITY O F  W - : l l ? ~ .  A L L O Y  A N D  
ANTIMONY A T  5000 R 

Spcriincn ruptured in  ahnut 5 ininutes. 

-W-3Re alloy 

B A. T T E L L E 'V C M 0 ? I A i E bl S T I T U T E 
I 

i 
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Mounting materi.11 

. 0- W - 3 k  alloy '. 

250X Light Murakami's Etch 14485 

FIGURE A-5. COMPATIBILITY OF W-3Re ALLOY AND LEAD 
AT 4500 R FOR 1 HOUR 

Attack is slight. Depth of lead penetration 
about 0 .002  inch. 

Lead 

-Mounting rnateri.l  

.-? - 
-W-3Re alloy 

250X Light Murakami's Etch 14486 

FIGURE A-6. COMPATIBILITY OF W-3Re ALLOY AND LEAD A T  
5000 R FOR 1 F!OUR 

Grain-boundary attack stronger than a t  4500 R. but 
maximum penetration only about 0. 3025 inch. 
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-* -Lead 

* . . ..? 

-a- W -2SRe alloy 

\ 

2 50X Muraltami's Etch 15085 

FIGURE A-I. COMPATIBILITY OF W-25Re ALLOY AND LEAD A T  
4500 R FOR 1 HOUR 

Attack is considered minor. Angular particles a re  
believed to  be remnants from the rough base. 

- W -2SRe alloy 

250X Murakami's Etch 1508 6 

FIGURE A-8. COMPATIBILITY OF W-25Re ALLOY AND LEAD 
AT 5000 RFOR 1 HOUR 

Lead shows porosity in this area and a few frag- 
ments of W-Re alloy. 
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250X Murakarni's Etch 

- Ant!mony 

FIGURE A-9. COMPATIBILITY OF W-25Re ALLOY AND ANTIMONY AT 
4500 R FOR 1 HOUR 

Attack by antimony appears minor. 

/ '  

6 . ' 
Q 

-Antimony 8' 

.L 
Black is void 

Q- W -25Re alloy 

15087 

250x 

- ~ - 2 5 R e  alloy 

15088 

FIGURE A-10. COMPATIBILITY OF W -25Re ALLOY AND ANTIMONY 
AT 5000 R FOR 1 HOUR 

Reaction between the two metals appears absent. 
ever, the sample expandcd about 2.4 per cent  ir! 
diameter owing to creep. 

How- 
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-Bismuth 

- Polishing undercut 

I 

c 

r - . 

Murakarni's Etch 15089 250X 

FIGURE A-11. COMPATIBILITY OF W-25Re ALLOY AND 
BISMUTH AT 4500 R FOR 1 HOUR 

Shows only very slight attack. 

! 

t 

250X 

FIGURE A-12. 

-7 - 

c 

Muraknmi 's Etch 

COMPATIBILITY OF W -25Re ALLOY AND 
BISMUTH AT 5000 R FOR 50 MINUTES 

Sample burst in creep and bismuth was 
vaporized. Bismuth is not believed t o  
have attacked the W-25 RE a!lo;i. 

- W -25Re alloy 

.o- Mounting material 

J 
* -  

. . ---W-25Re alloy 

15090 
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*Lead 

Dolishing undercu: 

* 6 Phenium 

Lead i n  grain h u n c  

15091 250X 5% Chromic Etch 

FIGURE A-13. COMPATIBILITY OF RHENIUM AND LEAD AT 
5000 R FOR 1 HOUR 

Penetration of grain boundaries by lead  is 
evident though sample did not fail. 

Bismuth 

250X 5% Chromic Etch 15092 

FIGURE A-14. COMPAT!BIL!TY OF RHENIUM AND BISMUTH A T  
5000 R FOR 1 HOUR 

Grain-boundary at tack is severe but failure did not 
occur. 

i ar ies 


